Abstract. Overexpression of the transcription factor Sp1 may play a critical role in human gastric cancer angiogenesis.
Introduction
Although the incidence of gastric cancer declined in the West from the 1940s to the 1980s, it remains a major public health problem throughout the world (1) . In Asia and parts of South America in particular, it is the most common epithelial malignancy and leading cause of cancer-related deaths. In fact, gastric cancer remains the second most frequently diagnosed malignancy worldwide and causes 12% of all cancer-related deaths each year (1, 2) . A full understanding of the cellular and molecular mechanisms of the development and progression of gastric cancer is crucial for identifying new targets of effective treatment modalities for this deadly disease.
The aggressive nature of human metastatic gastric carcinoma is attributed to mutations of various oncogenes and tumor suppressor genes (3) (4) (5) (6) and abnormalities in various growth factors and their receptors (4, 5) . These abnormalities affect the downstream signal transduction pathways involved in the control of various aspects of cancer biology, including angiogenesis (4) (5) (6) . Specifically, these perturbations may confer an elevated angiogenic phenotype to gastric cancer cells. The status of angiogenesis as assessed according to the MVD is usually correlated with the expression of a variety of angiogenic factors, including bFGF, TGF, MMP-2, EGFR, IGFR, IL-8 and VEGF (7) (8) (9) (10) (11) . Early studies showed that MVD and various angiogenic factors are related to tumor development and progression, including prediction of patient survival (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
The molecular mechanisms behind abnormal expression of multiple molecules and its relationship with MVD are not entirely clear. Our recent studies of human pancreatic and gastric cancer have linked abnormal Sp1 activation to overexpression of multiple Sp1 downstream genes (23, 24) . These findings led us to propose that abnormal activation of Sp1 may cause overexpression of multiple angiogenic molecules, which in turn render tumor cells highly angiogenic and aggressive (23, 24) . However, it is unclear whether and, if so, how treatments targeting Sp1 impact gastric cancer angiogenesis and whether and, if so, how antiangiogenesis therapies impact the expression of Sp1 and its downstream target genes, including VEGF.
Sp1 is a zinc finger transcription factor that is important to the transcription of many cellular and viral genes that contain GC boxes in their promoters. Researchers have cloned additional transcription factors similar to Sp1 in their structural and transcriptional properties Sp2, Sp3 and Sp47, thus forming the Sp1 multigene family (25) . Although Sp1 has been perceived to be a basal transcription factor since its discovery, increasing evidence suggests that it regulates a variety of biological functions, including cell survival, growth and differentiation and tumor development and progression (25) (26) (27) (28) (29) . We previously reported that Sp1 overexpression is directly correlated with the angiogenic potential of and poor prognosis for human gastric and pancreatic cancer (23, 24) . Therefore, Sp1 inhibitors such as mithramycin A (MIT) may have profound antiangiogenic effects.
MIT is an aureolic acid-type polyketide produced by various soil bacteria of the genus Streptomyces (30, 31) . In the past, MIT has been used to manage hypercalcemia in patients with bone metastases from various malignancies, while some have also used it to treat Paget's disease and several types of cancer, including testicular carcinoma, chronic myeloid leukemia and acute myeloid leukemia (32, 33) . Furthermore, researchers have shown that MIT acts as a neuroprotective drug (34) . MIT binds to GC-rich regions in chromatin and interferes with the transcription of genes that bear GC-rich motifs in their promoters (32, 35) . Its mechanism of action involves a reversible interaction with double-stranded DNA with GC-base specificity. MIT is believed to act, in part, by selectively regulating transcription of genes that have GC-rich promoter sequences (36) . In addition, recent studies have shown that MIT sensitizes tumor cells to apoptosis induced by tumor necrosis factor and inhibits p53-mediated transcriptional responses (37, 38) . Inhibition of Sp1 activity is considered to be a major mechanism of the antitumor activity of MIT. Thus, we performed the present study to determine whether Sp1 is an effective target for antiangiogenic therapy of gastric cancer.
Materials and methods
Chemicals and reagents. MIT (1 mg/vial crystal powder; lot 055K4011) was purchased from Sigma Chemical Co. (St. Louis, MO) and diluted in sterile water. BVZ (25 mg/ml; NDC 50242-060-01) was purchased from Genentech, Inc. (South San Francisco, CA). For animal experiments, MIT (0.1-0.8 mg/kg body weight) and BVZ (25-100 μg/mouse) were administered by intraperitoneal injection twice a week or as indicated otherwise.
Cell lines and culture conditions. The N87 human gastric cancer cell line was purchased from the American Type Culture Collection (Manassas, VA) and the SK-GT5 human gastric cancer cell line was obtained from Dr Gary K. Schwartz (Memorial Sloan-Kettering Cancer Center). The cell lines were maintained in plastic flasks as adherent monolayers in minimal essential medium supplemented with 10% fetal bovine serum, sodium pyruvate, non-essential amino acids, L-glutamine and a vitamin solution (Flow Laboratories, Rockville, MD).
Animals. Female athymic nude mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The mice were housed in laminar flow cabinets under specific pathogenfree conditions and used when they were 8-week old. The animals were maintained in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care in accordance with the current regulations and standards of the US Department of Agriculture, US Department of Health and Human Services and the National Institutes of Health.
Western blot analysis. Whole-cell lysates were prepared from human gastric cancer cell cultures. Standard Western blotting was performed using polyclonal rabbit antibodies against human and mouse Sp1, VEGF and EGFR (Santa Cruz Biotechnology, Santa Cruz, CA) and the anti-rabbit IgG antibody, a horseradish peroxidase-linked F(ab') 2 fragment obtained from a donkey (Amersham, Arlington Heights, IL). Equal protein-sample loading was monitored by probing the same membrane filter with antibodies against anti-ß-actin (23) . The probe proteins were detected using the Amersham enhanced chemiluminescence system according to the manufacturer's instructions.
Animal models of tumor growth and metastasis. To prepare tumor cells for inoculation, cells in the exponential growth phase were harvested by brief exposure to a 0.25% trypsin/ 0.02% ethylenediaminetetraacetic acid solution (wt/vol). Cell viability was determined by using trypan blue exclusion, and only single-cell suspensions that were >95% viable were used. Tumor cells (1x10 6 cells/mouse) were then injected into the subcutis or the wall of stomach of nude mice in groups of 10. The animals were sacrificed 60 days after the tumor-cell injection or when they had become moribund. Next, the primary gastric tumors were harvested and weighed. In addition, the liver of each mouse and regional lymph nodes were fixed in Bouin's solution for 24 h to differentiate the neoplastic lesions from the organ parenchyma; metastases on the surface of the liver were counted (double-blinded) with a dissecting microscope and nodal metastasis was determined by histopathology.
Immunohistochemistry of human tumor xenograft specimens.
For VEGF and Sp1 staining, sections (5 μm thick) of formalin-fixed, paraffin-embedded tumor specimens were deparaffinized in xylene and rehydrated in graded alcohol. For CD31 staining, frozen sections (6 μm thick) were fixed with acetone. Endogenous peroxidase was blocked using 3% hydrogen peroxide in PBS for 12 min. The sections were incubated for 20 min at room temperature with a proteinblocking solution consisting of PBS (pH 7.5) containing 5% normal horse serum and 1% normal goat serum and then incubated overnight at 4˚C in anti-CD31, anti-Sp1, or anti-VEGF antibodies. Sp1 and VEGF expression and MVD status were assessed as described above (24, 39) .
Chromatin immunoprecipitation. Chromatin was prepared from cells and tumors as described previously (40) . Chromatin immunoprecipitation (ChIP) assay was performed using the chromatin immunoprecipitation assay kit (Upstate Cell Signaling Solutions, Lake Placid, NY) according to the manufacturer's instructions. Briefly, DNA cross-binding proteins were cross-linked with DNA and lysed in sodium dodecyl sulfate lysis buffer. The lysate was sonicated to shear DNA to 200-500 bp. After preclearing with a salmon sperm DNA/protein A agarose-50% slurry for 30 min at 4˚C, chromatin samples were immunoprecipitated overnight with no antibody or an anti-Sp1 antibody (PEP2). The region between -224 and -53 bp of the Sp1 promoter was amplified using the following primers: sense, 5'-caggcacgcaacttagtc-3', and antisense, 5'-gtaaggaggagggagcag-3'. Polymerase chain reaction products were separated on a 1.5% agarose gel, stained with ethidium bromide, and visualized under ultraviolet light.
Statistical analysis. For in vitro and in vivo experimental studies, each experiment was performed independently at least twice with similar results; one representative experiment is presented. The significance of the in vitro data was determined using Student's t-test (2-tailed), whereas the significance of the in vivo data was determined using the 2-tailed Mann-Whitney U test. For the in vivo experiments, overall animal survival was calculated by the method of Kaplan and Meier. Log-rank test was used to compare the survival duration between groups. P≤0.05 was deemed significant.
Results

MIT inhibited Sp1 expression and the expression of its downstream target molecules in human gastric cancer cells.
N87 and GT5 cells were incubated in medium or medium containing different concentrations of MIT for 24 h. MIT produced dose-dependent growth inhibition with IC 50 1.24 μM for GT5 cells and 1.13 μM for N87 cells (Fig. 1A) . Protein extracts were used for Western blot analyses of expression of Sp1 and its downstream molecules. As shown in Fig. 1B , MIT produced a concentration-dependent inhibition of Sp1 and VEGF protein expression. To further determine whether MIT compete with Sp1 for Sp1-binding sites, we performed the ChIP assay. As shown in Fig. 1C , MIT inhibited Sp1 binding to the Sp1-binding sites of its own promoter. Our studies have demonstrated that MIT inhibits Sp1 expression and its downstream molecule VEGF.
MIT inhibited angiogenesis of human gastric cancer in animal models. N87 and GT5 cells were either injected into the subcutis (ectopic model) or the wall of stomach (orthotopic model) of mouse. MIT treatment started when tumor sizes reached around 3-4 mm in diameter. MIT treatment produced dose-dependent inhibition of tumor growth in both ectopic ( Fig. 2A ) and orthotopic models (Fig. 2B) . Moreover, the incidence of liver metastasis in control mice was 80% (8/10 mice), whereas no liver metastasis was detected in mice receiving MIT treatment (from 0.2 to 0.8 mg/kg), suggesting a total inhibition of metastasis by MIT treatment. The residual tumors were harvested and angiogenesis was assessed by CD31 staining. As shown in Fig. 2C , MIT treatment substantially reduced MVD. Moreover, Western blot analyses showed that MIT treatment inhibited the expression of VEGF and EGFR, which was consistent with significant inhibition of Sp1 expression (Fig. 2D) . No discernible inhibition of Sp1 expression was observed in normal tissues including liver, stomach and intestine (data not shown), suggesting that MIT selectively inhibited Sp1 expression in tumor cells growing in animals. These data suggested that inhibition of Sp1 expression by MIT exhibited a marked antiangiogenesis and antitumor activity.
BVZ upregulated Sp1 expression in human gastric cancer cells in animal models.
To determine whether antiangio- genesis therapies including those targeting VEGF signaling impact Sp1 pathway, we treated both N87 and GT5 tumor around 3-4 mm in diameter with different doses of BVZ. As shown in Fig. 3 , at a high dose BVZ inhibited tumor growth (Fig. 3A1 ) and Sp1 expression accordingly (Fig. 3A2) ; whereas low dose of BVZ did not significantly inhibit tumor growth (Fig. 3A1 ) but slightly upregulated Sp1 expression (Fig. 3A2) . Next, we started the BVZ treatment when tumors reached 6-7 mm in diameter with same doses of BVZ. As shown in Fig. 3B , both low and high doses of BVZ were ineffective in inhibiting tumor growth (Fig. 3B1 ) but significant increase in Sp1 expression was observed (Fig. 3B2) . The altered expression of Sp1 protein directly correlated with the alterations of VEGF, and EGFR expression in tumors growing in mice which received BVZ treatment as compared to those that received control treatments ( Fig. 3A2  and B2 ). These data suggested that ineffective dose of BVZ (BVZ-resistant tumors) upregulated the expression of Sp1 and its down-stream molecules.
Effects of treatment with BVZ and MIT on the growth and gene expression in human gastric cancer cells. SK-GT5
and N87 cells incubated were in a medium alone or a medium containing 25, 50 and 100 μg/ml BVZ for 24-72 h. BVZ did not affect the growth of SK-GT5 cells (Fig. 4A1 ) or N87 cells (Fig. 4A2) in vitro. As shown in Fig. 4B , neutralization of VEGF did not affect the expression of Sp1 or its major downstream molecule, VEGF. This result was consistent with previous findings showing that BVZ primarily blocks the autocrine effect of VEGF on tumor angiogenesis (43) (44) (45) (46) (47) . In contrast, treatment with MIT produced dose-dependent cytotoxic effects in both SK-GT5 cells and N87 cells (Fig. 4A1 and A2 ) and effectively inhibited the expression of Sp1 and its downstream molecule VEGF (Fig. 4B) . These data suggest that BVZ does not have a direct effect on tumor cells or on the expression of Sp1 and its downstream molecules, but that MIT does. in diameter, we gave the animals BVZ (25 μg/mouse) alone or in combination with MIT (0.1 mg/kg, with slight antitumor effects) via intraperitoneal injection twice a week. Administration of BVZ or MIT alone produced marginal antitumor activity whereas combined use of BVZ at a dose of 25 μg and MIT at a dose of 0.10 mg/kg produced a synergistic antitumor activity (Fig. 5A) . We observed no discernable effect on body weight in the mice that received BVZ alone (Fig. 5B) . However, at the highest dose given (0.4 mg/kg), MIT slightly reduced body weight (data not shown). Additionally, the mice that received combination of BVZ and MIT had body weights similar to those of the control mice that received PBS (data not shown). Therefore, the combined use of BVZ and MIT resulted in higher antitumor activity than the use of BVZ or MIT alone did without an increase in toxicity, suggesting that the combination treatment has a significant therapeutic benefit. Furthermore, we injected SK-GT5 cells into the stomach of nude mice and then administered treatment to them as described in Fig. 2 . We monitored animal survival daily until termination of the experiment 120 days after tumor cell injection. We found that the mice that received BVZ or MIT alone had a slightly increased survival rate (93±12 days) when compared with those that received PBS only (63±12 days), whereas the mice that received BVZ and MIT had significantly longer survival (>120 days). Furthermore, the incidence of tumor growth in the stomach and of metastasis in the liver and/or other organs was significantly lower in the mice that received BVZ and MIT.
Synergistic antitumor effects of BVZ and MIT in human
Upregulation of Sp1 and VEGF expression by treatment with BVZ and its reversal by treatment with MIT.
To determine the molecular basis for the synergistic effect of treatment with BVZ and MIT, we performed Western blot analysis using total protein lysates extracted from the SK-GT5 tumor tissue specimens collected from mice that received treatment with PBS, BVZ, MIT, or B+M. As shown in Fig. 5C , treatment with BVZ alone increased expression of Sp1 and its downstream molecule VEGF. However, treatment with MIT alone suppressed Sp1 and VEGF expression, which was consistent with reduced MVD, whereas treatment with BVZ at low dose alone did not significantly reduce MVD, which was consistent with increased Sp1 expression (data not shown). These data suggested that neutralization of VEGF function by BVZ may upregulate the expression of Sp1 via a positive feedback loop and lead to increased VEGF expression.
Discussion
In this study, we found that MIT treatment suppressed the expression of Sp1 and its downstream target genes in both gastric cancer cell culture and tumors growing in nude mice. The molecular responses were accompanied by a significant inhibition of gastric cancer angiogenesis, growth and metastasis with selective inhibition of Sp1 in tumor cells not in normal tissues, which was consistent with no discernible systemic side-effect. Interestingly, BVZ treatment upregulated the expression of Sp1 and its downstream target genes, including VEGF and EGFR, in tumors. Combined treatment with BVZ and MIT produced synergistic tumor suppression, which was consistent with suppression of Sp1 upregulation. Given the fact that Sp1 is an important regulator of the expression of multiple angiogenic factors, BVZ-initiated upregulation of Sp1 and subsequent overexpression of its downstream target genes may profoundly affect the potential angiogenic phenotype and effectiveness of antiangiogenic strategies for human gastric cancer. Therefore, our study further demonstrated the crucial role of Sp1 signaling in tumor angiogenesis.
Angiogenesis is essential for tumor growth and metastasis (38) . Numerous lines of evidence have shown that angiogenesis plays significant clinicopathological roles in patients with several types of tumors (39) (40) (41) (42) (43) (44) (45) . Many strategies have been developed to inhibit angiogenesis for cancer therapy. Most strategies are directed at individual angiogenic factors. However, many tumors exhibit resistance and/or acquire resistance and the underlying mechanisms remain unclear. For example, while BVZ has demonstrated significant antitumor activity in a wide variety of xenograft models, clinical activity for BVZ when used as single agent has limited in human studies. Like other VEGF inhibitor, BVZ-based antiangiogenic approaches are generally developed in combination and found to be more effective when combined with chemotherapy and radiation therapy (44) . Various mechanisms for synergy between antiangiogenic therapy and chemotherapy and radiation therapy have been proposed. For instance, therapy targeting VEGF may normalize tumor vasculature, decrease interstital fluid pressure, and enhance chemotherapy delivery (45, 46) . Alternatively, others have proposed that neuropilin receptors may mediate resistance to apoptosis which can be reversed by agents such as BVZ (47) . In our present study, we provide evidence that Sp1 signaling and function impact antiangiogenesis therapies. Our finding may represent a novel mechanism for the limited effectiveness of antiangiogenic therapies that target individual molecules individually, highlighting the importance of combined strategies for antiangiogenesis therapy.
It is realized that gastric cancer overexpresses a variety of angiogenic factors, including bFGF, TGF, MMP-2, EGFR, IGFR, IL-8, and VEGF (7-11) and simultaneously interfering with multiple target molecules is clinically challenging. Understanding the underlying mechanism for overexpression of various proangiogenic factors would help design effective strategies targeted those factors (6, 9) . Previous studies have shown that overexpression of Sp1 is correlated with MVD in human gastric cancer tissue and that manipulating the Sp1 expression level using a small interfering RNA approach significantly inhibits the tumor angiogenic phenotype (6, 9) . This antiangiogenic effect of knocking down Sp1 expression is consistent with reduced expression of several signaling molecules in the signaling pathways that play important roles in the regulation of tumor angiogenesis (24, 28, 29) . In fact, one of our recent studies showed that inhibition of VEGF expression and the resulting antitumor effect of celecoxib are mediated at least in part by suppression of Sp1 activity (24) . Collectively these lines of evidence indicate that Sp1 plays an important role in regulation of angiogenesis in human gastric cancer. Furthermore, as shown in the present study, blockade of Sp1 activity by MIT suppresses tumor angiogenesis via downregulating its downstream target genes, including VEGF and EGFR. Therefore, we offered direct experimental evidence of Sp1 as effective target for antiangiogenic therapy of human gastric cancer.
Finally, we offered experimental evidence that antiangiogenic therapies impact Sp1 signaling and influence the efficacy of those therapies, while the potential mechanisms underlying Sp1 upregulation by BVZ treatment is unclear. Further studies are clearly necessary to address certain questions. First, is the perturbation of Sp1 signaling and function a general response to all antiangiogenesis strategies targeting individual angiogenesis factors, particularly those that are known to be under Sp1 regulation? Second, are there other general signaling pathways altered during antiangiogenic therapies? Third, how can Sp1 be effectively inhibited by targeting? What are the molecular basis for differential inhibitions of Sp1 expression by MIT in tumor tissues and normal tissues? Further addressing these questions and our current findings will have significant implications in better understanding gastric cancer pathogenesis and designing effective targeted therapies. Specifically, our findings not only provide researchers with a novel paradigm of synergism between antiangiogenic agents and inhibitors of transcription factors such as Sp1, but also will help clinicians design combination drug therapies for improved anti-tumor activity. Collectively, our study suggests that blockade of Sp1 expression and function may be a promising approach to treatment of human gastric cancer.
